In adult dd-mice, response of peritoneal free cells to either horseradish peroxidase (HRP) or glutaraldehyde-fixed erythrocytes was examined by electron microscopy.
Summary. In adult dd-mice, response of peritoneal free cells to either horseradish peroxidase (HRP) or glutaraldehyde-fixed erythrocytes was examined by electron microscopy.
As reported previously (ABE et al., 1979) , peritoneal free cells are classified into three types: type I, II and III cells. Type I cells are small lymphocytes, type II cells are medium-sized mononuclear cells, and type III cells are macrophages.
The amount of HRP taken up is very large in type III cells. The cells contain numerous vacuoles filled with HRP. Type I and II cells also have vesicles containing HRP. The vesicles are fewer in type I cells than in type II.
Type III cells rapidly enclose erythrocytes by thin cytoplasmic flaps and then ingest several erythrocytes.
In type III cells, a labyrinth of ramifying tubes seen in the peripheral cytoplasm may serve as a reserve of the membrane system for allowing a rapid coverage and internalization of large foreign materials.
A part of type II cells attach to erythrocytes and take them by a varying depth of invagination.
Type I cells do not respond to erythrocytes at all.
In conclusion, the three types of peritoneal cells can be differentiated by their response to foreign materials as well as by their cytologic features.
As generally accepted, the peritoneal cavity contains macrophages and lymphocytes (BALNER, 1963; BENNETT, 1965; FORBES, 1965 FORBES, , 1966 CARR, 1967; ELVES, 1970; DAEMS and BREDEROO, 1973; GALLILY and BEN-ISHAY, 1974) . In separate papers (ABE et al., 1978 (ABE et al., , 1979a HONMA et al., 1978) , however, we have reported that free cells in the mouse peritoneal cavity are classified into three types: type I, II and III cells and that type I cells are small lymphocytes, type III cells are macrophages and type II cells are medium-sized mononuclear cells which are intermediate in size between lymphocytes and macrophages.
The type II cells seem to have been regarded as lymphocytes or immature macrophages by previous authors (BALNER, 1963; BENNETT, 1965; FORBES, 1965 FORBES, , 1966 CARR, 1967; ELVES, 1970; DAEMS and BREDEROO, 1973; GALLILY and BEN-ISHAY, 1974) , but they are distinguishable by their cytologic features from either lymphocytes or macrophages.
Phagocytic activity of peritoneal cells has repeatedly been studied particularly for macrophages (NORTH and MACKANESS, 1963; NORTH, 1966; DUMONT and ROBERT, 1970; DAEMS and BREDEROO, 1973; CATANZARO and GRAHAM, 1974) , but information is not sufficient as to how peritoneal free cells other than macrophages respond to foreign materials injected intraperitoneally. The present study was undertaken to examine response of the three types of peritoneal cells to horseradish peroxidase and aldehyde-fixed erythrocytes.
It was particularly hoped to clarify whether or not the type II cells can be distinguished from macrophages or lymphocytes functionally as well as morphologically.
MATERIALS AND METHODS
A total of 49 two-month-old dd-mice of both sexes were used.
In 12 mice, 0.12mg of horseradish peroxidase (HRP) (Sigma, Grade II) in 0.1ml saline was injected intraperitoneally.
The mice were killed with chloroform 5, 15 and 30min after injection and then immediately given an intraperitoneal injection of 0.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.5). After a gentle massage of the abdomen for a while, the fixing fluid in the peritoneal cavity was aspirated. Peritoneal free cells in the aspirate were further fixed in the same fixative for 5min, washed in the same buffer and then reacted by the DAB method (FAHIMI et al., 1976) for demonstrating peroxidase. Then the cell suspension was post-fixed with 2% solidified in 1% agar solution and embedded in Epon. Ultrathin sections either unstained or stained with uranium acetate and lead nitrate were observed with the electron microscope.
In 24 mice, aldehyde-fixed erythrocytes from the fowl or mouse were injected intraperitoneally.
The erythrocytes were prepared as follows: Blood was obtained from a vein of a fowl or from the heart of a dd-mouse with a heparinized syringe and then washed three times with saline. Erythrocytes thus obtained were fixed in erythrocytes were washed five times with saline to remove the fixative. Then the peritoneal cavity. The mice were killed 5, 10, 15, 30, 45 and 60min after injection. Three mice received as econd injection of erythrocytes at 15min after the first injection, and they were killed 15min after the second injection.
The peritoneal free cells were fixed in situ with 2% glutaraldehyde in 0.1M cacodylate buffer (pH 7.5) in the same way as done after HRP injection.
The peritoneal free cells in the fixative were aspirated, centrifuged and then fixed for 2hrs. Then the pellet was post-fixed in 2% OsO4 for 30min, immersed in 0.5% uranyl acetate overnight and embedded in Epon. Ultrathin sections were stained with uranyl acetate and lead nitrate and examined with the electron microscope.
As controls, peritoneal free cells from 10 normal mice were observed in the same way.
RESULTS
As described in separate papers (ABE et al., 1978 (ABE et al., , 1979a HONMA et al., 1978) , peritoneal free cells can be divided into three types: type I, II and III (Fig. 1 ). a. Type I cell (1) is not labeled with HRP, whereas type II cell (2) contains vesicles and vacuoles labeled with HRP.
b. Type III cells (3) have numerous vesicles and vacuoles densely labeled with HRP.
c. Type II cell (left) contains a few vesicles and vacuoles with HRP.
Type III cell (right) possesses numerous pinocytotic vesicles and vacuoles labeled with HRP.
Rough endoplasmic reticulum (double arrows) in type III cell contains reaction products, though less dense, for intrinsic peroxidase, whereas rough endoplasmic reticulum (arrows) in type II cell contains no reaction product.
Type I cells are about 20% of the peritoneal cells. They are small lymphocytes which have round nuclei surrounded by a narrow rim of cytoplasm.
Type II cells, about 45% of the peritoneal cells, are medium-sixed mononuclear cells. The nucleus is rounded or somewhat irregularly shaped with infoldings of the nuclear membrane.
It often contains nuclear bodies (Fig, 1b) . The cytoplasm is more abundant than that of small lymphocytes, and contains rough endoplasmic reticulum, which is generally flat and long in profile around the nucleus. Several electron dense granules are scattered, and thick bundles of filaments often appear in the cytoplasm (Fig. 1b) .
Type III cells are macrophages, larger than the other two types of cells and occupy about 35% of the peritoneal cells. The nucleus is irregular in shape and eccentric in position. The cytoplasm is abundant.
The peripheral zone of the cytoplasm contains an intricate labyrinth of anastomosing tortuous tubes which usually appear as tubes or vacuoles in profile near the cell surface (Fig. 1a ). The tubes sometimes open to the extracellular space on the cell surface.
In addition to well developed organelles such as rough endoplasmic reticulum and the Golgi apparatus, the cytoplasm contains numerous vesicles and varying amounts of granules of various sizes and appearance.
The cytological features of the three types of cells have been described in detail in a former paper (ABE et al., 1979a) .
Response to horseradish peroxidase (HRP):
Type I, II and III cells have taken up HRP 5min after the intraperitoneal injection, although the amounts of HRP incorporated differ among different cell types (Fig. 2) . In general, type III cells (macrophages) contain large amounts of HRP, type II cells relatively small amounts and type I cells (small lymphocytes) very few HRP. In type III and II cells, the HRP taken up tends to increase in amount with the lapse of time.
In type III cells (Fig. 2b, c ), HRP appears as electron dense dots on the cell surfce and just inside the limiting membrane of labyrinthine tubes in the superficial cytoplasm. HRP is also contained within diameter.
Small vesicles with a diameter of about is seen in coated vesicles. The vesicles filled with HRP are particularly numerous just close to the cell surface, and they are often fused with the cell membrane or the tubes. In addition to vesicles, the cells of this type contain HRP-labeled vacuoles with a densely with HRP, some have a densely labeled rim inside the limiting membrane and some others contain core-like reaction products of HRP.
The vacuoles are sometimes fused with pinocytotic vesicles. Thin cytoplasmic flaps protruding from type III cells wrap the surface of erythrocytes.
Arrows indicate the felt-like cytoplasm. T tubes of the labyrinth.
The HRP-labeled vacuoles are few at 5min, but increased at 15 and 30min after HRP injection. In type III cells, reaction products for peroxidase are also demonstrated, though less strongly, in the nuclear envelope and rough endoplasmic reticulum (Fig. 2c) .
Type II cells can take up considerable amounts of HRP by pinocytosis ( Fig. 2a ). They have small vesicles containing HRP. The reaction products also appear within some larger vacuoles and sometimes inside the bounding membrane of vacuoles. When two type II cells are adjacent to each other, HRP is seen in the intercellular space between their adjoining cell membranes.
Type I cells (small lymphocytes) contain only a few vesicles labeled with HRP ( Fig. 2a) .
The uptake of HRP by the three types of peritoneal cells is diagramatically shown in Figure 3 . Response to aldehyde-fixed erythrocytes:
Peritoneal free cells respond to either the fowl or mouse erythrocytes in almost the same manner ( Fig. 4-7) . Type III cells (macrophages) first attach to the injected erythrocytes and then engulf them. Five min after injection, several erythrocytes are often seen around a single type III cell. On the contrary, an erythrocyte is sometimes surrounded by two or more type III cells (Fig. 4, 5) . Type III cells occasionally have completely engulfed erythrocytes.
In any case, type III cells are generally seen in aggregate with erythrocytes.
Erythrocytes that have attached to type III cells are usually enthe latter cells (Fig. 4, 5) . The intercellular space between erythrocytes and type III cells are 10 to 20nm in width. The cytoplasmic flaps and the superficial cytoplasm just beneath the cell membrane facing the attached erythrocytes appear feltlike with filaments, being free of cell organelles including ribosomes (Fig. 5) . The superficial felt-like cytoplasm contains neither vacuoles nor tubes. Some type III cells have engulfed five or more erythrocytes 15min and later. The more erythrocytes type III cells have engulfed, the fewer labyrinthine tubes or vacuoles they have (Fig. 5a ).
Type II cells, though not all of them, respond to erythrocytes (Fig. 4, 6, 7) . Type II cells are often seen attaching to one or a few erythrocytes 5min after injection. Their cell membrane is invaginated, to a varying depth, by the attached erythrocyte ( Fig. 4, 6, 7) . The intercellular space between the type II cell and erythro- Fig. 8 . Diagram of the responses of peritoneal free cells to aldehydefixed erythrocytes.
Shaded circles represent erythrocytes. Dotted areas represent nuclei of peritoneal cells.
Type I cells (I) do not respond to erythrocytes.
Of type II cells (II), some do not respond, some attach to erythrocytes, and others take up an erythrocyte with invagination of the cell membrane. A few completely engulf an erythrocytes.
Type III cells attach to erythrocytes, enclose them with thin cytoplasmic flaps protruding from the cell surface and engulf several erythrocytes. Labyrinthine tubes of type III cells become less apparent with the progress of erythrocyte internalization. In type II and III cells, the superficial cytoplasm (indicated by dotted lines) close to the erythocytes is felt-like in appearance. cyte is 10 to 20nm in width. In type II cells, the superficial cytoplasm just beneath the cell surface confronted with the erythrocyte is felt-like in appearance, and it is ( Fig. 7) . Thick bundles of filaments are also visible in type II cells attaching to erythrocytes (Fig. 6c, 7b) . The type II cells responding to erythrocytes appear to be almost unchanged in frequency 10min or later and even after the second injection of erythrocytes.
A few type II cells have completely engulfed erythrocytess even at 60min. One third to half of type II cells respond to erythrocytes, but the remaining remain intact.
Type II cells and type III cells occasionally lie close together around a single erythrocyte.
Type I cells (small lymphocytes) are singly scattered, and they do not repond to erythrocytes.
Response of the three types of peritoneal cells to erythrocytes is schematically summarized in Figure 8 .
DISCUSSION
As seen in the Results, the three types of peritoneal free cells differ in response to foreign materials as well as in cytologic features.
Type III cells are most avid in phagocytic activity, being distinctly distinguishable from cells of other types. Thus there is no doubt that they are macrophages.
It has recently been postulated that macrophages generally originate in the bone marrow ( VAN FURTH, 1975) . However, it has been suggested that macrophages may also be formed in situ where they are populated (DAEMS and KOERTEN, 1978) . According to DAEMS and his colleagues (DAEMS and BREDEROO, 1973; DAEMS and KOERTEN, 1978) , the peritoneal cavity contains two types of macrophages, resident macrophages and blood-borne ones, the former exhibiting peroxidase activity in the nuclear envelope and rough endoplasmic reticulum, whereas the latter show no peroxidase reaction.
In normal unstimulated peritoneal cavity, as reported in another paper of ours (ABE et al., 1979a) , type III cells are similar in peroxidase activity to the resident macrophages.
In newborn mice, as described separately (ABE et al., 1979b) , the majority of free cells in the peritoneal cavity are type III cells, which would have been produced in situ rather than migrating from the blood.
Phagocytosis is generally divided into two phases, attachment phase and ingestion phase (RABINOVITCH, 1967; VERNON-ROBERTS, 1972; NELSON, 1976) . HRP or exogenous erythrocytes are seen attached to phagocytic cells and then ingested.
The present observation shows that type III cells (macrophages) attach to erythrocytes and ingest them quickly.
A single cell can usually ingest more than one erythrocyte. In such phagocytosis of large foreign materials, an extensive membrane system seems necessary for prompt expansion of the cell surface, in order that the materials to be phagocytosed can be first enclosed by it. In alveolar macrophages, for instance, about 50% of the surface membrane was estimated to be interiorized by phagocytosis of plastic particles (TSAN and BERLIN, 1971) . As seen in the previous and present results, a labyrinth of ramifying tubes which are in community with the extracellular space, is characteristic of type III cells. The finding that the profiles of the tubes become fewer in type III cells as the cells have engulfed more erythrocytes suggests that the labyrinth of tubes may serve as a reserve of the membrane system for allowing a rapid enclosure and ingestion of large foreign materials.
Thus, the labyrinth of tubes in type III cells may resemble the fisiform vesicles which are seen beneath the free surface in the superficial cells of the transitional epithelium and are thought to provide for rapid expansion of the epithelial surface during distension of the organ (PORTER et al., 1965; HICKS, 1966) .
In the peritoneal cavity, macrophages are known to increase in number rapidly under stimulated conditions ( VAN FURTH, 1975; DAEMS and KOERTEN, 1978) . The increase is considered due to migration of bone marrow-derived macrophages which are few in the normal unstimulated peritoneal cavity (DAEMS and KOERTEN, 1978) . The immediate precursors of macrophages derived from marrow have been considered as monocytes ( VAN FURTH, 1975) . However, the possibillity that lymphocytes might transform into macrophages has also been suggested from the presence of intermediate forms between lymphocytes and macrophages in inflamatory conditions (BALNER, 1965; FORBES, 1965 FORBES, , 1966 ELVES, 1970) . According to these concepts, type II cells that are intermediate in size between lymphocytes and macrophages, may have been regarded as representing either lymphocytes or immature macrophages. As shown in the previous and present results (ABE et al., 1979a) , however, type II cells are distinguishable from either macrophages (type III cells) or lymphocytes (type I cells) not only in cell size and fine structure but also in activity in uptake of foreign materials, and they appear neither to transform into macrophages (type III cells) nor to derive from lymphocytes (type I cells).
Type II cells often attach to an erythrocyte and seize it by invagination of the cell surface, whereas type I cells (lymphocytes) do not respond to erythrocytes. Thus, type II cells clearly differ in phagocytic activity from either type III or type I cells. As seen in the Results, essentially every type III cell internalizes exogenous erythrocytes, while a part of the type II responds to erythrocytes.
The frequency of type II cells which respond to erythrocytes seems almost definite from the beginning and remains unchanged even after the second administration of erythrocytes. It is likely that some, not all, of the type II cells are naturally endowed with ability to respond to fixed erythrocytes.
Thus, the type II cells at least partly, appear different in response to the erythrocytes from type III cells. The difference may presumably be related to that in the so-called immunological receptors on the cell surface (GRIFFIN et al., 1975; MUNTHE-KAAS et al., 1976) .
In conclusion, type I, II and III cells in the peritoneal cavity can be differentiated by response to either HRP or fixed erythrocytes, although type I and II cells are similar in response to HRP. In particular, type II cells are distinguishable from either macrophages (type III cells) or lymphocytes (type I cells), and they should be separately dealt with as a population of peritoneal cells functionally as well as morphologically.
